A prevailing opinion is that the strains of Pseudomonas aeruginosa that infects both plants and humans are two separate species. This study strongly disputes that notion until the modern molecular technology proves otherwise. This paper examines a spectrum of strains occurring in nature, their habitats, dissemination, their relationship to clinical strains, and the environmental conditions that favor their colonization of plants. The isolates were obtained from clinical specimens, plants, soil, and water. The identity of these strains was confirmed using pyocin typing and biochemical assays. The data reveal that agricultural soils, potted ornamental plants, hoses, fountains, and faucets frequently harbored P. aeruginosa. However, it was not commonly found in semi-arid areas, suggesting that moisture and high humidity is necessary for colonization and survival. Though found in soil, P. aeruginosa was seldom isolated on edible plant parts. The pathogenicity of various strains on plants was tested by inoculating vegetables, lettuce slices (Lactuca sativa L. "Great Lakes"), celery stalks (Apium graveolens L. var. Dulce], potato tuber slices (Solanum tuberosum L. "Whiterose"), tomato (Lycopersicon esculentum L. Mill), cucumber (Cucumis sativus L.), rutabaga (Brassica campestris L.), and carrot (Daucus carota L. var sativa). There was considerable variation in the strains' ability to cause rot, but no difference was observed between clinical isolates and others from agricultural fields, water, and soil. Two of the clinical isolates from burn patients, P. aeruginosa PA13 and PA14, exhibited the greatest virulence in causing rot in all the plants that were tested, especially on cucumber, lettuce, potato, and tomato. The study discusses how closely the epidemiology of P. aeruginosa relates to many plant pathogens, and the ability of human isolates to colonize plants and food material under favorable conditions. The biochemical and phenotypic similarity among strains from the clinical and agricultural material is strongly indicative that they are the same species and that plants and soil are natural reservoirs for P. aeruginosa.
Most epidemiological studies of Pseudomonas aeruginosa have concerned the possible sources and mechanisms of transmission to patients in a hospital environment. These include solutions and creams, water faucets, incubators, milk formulas, sink drains, personnel, and inhalation and resuscitation equipment (4, 6, 12, 17, 25, 28, 52, 64, 66, 81) . These sources, however, probably represent transitory habitats rather than permanent or natural ones, and contamination is most likely from other origins. Following this line of thinking, we examined the possibility that soil and plants serve as the natural and permanent reservoirs for the bacterium. This seemed probable since it was described as a pathogen of lettuce (26, 62) , sugar cane (21) , and tobacco (15, 26) . Unfortunately, this work is clouded because techniques were not available at the time of the studies to enable to investigators to differentiate between P. aeruginosa and other pseudomonads, such as P. marginalis, which are plant pathogens. There is no doubt, however, of the validity of the P. aeruginosa strains that were described as pyocyanin positive (26) .
Further evidence indicating that plants serve as a reservoir for P. aeruginosa and as an agent for dissemination emanates from the work of Shooter et al. (68, 69) , who found P. aeruginosa in hospital foods, and Kominos et al. (44) who isolated strains from vegetables that were indistinguishable from clinical strains on the basis of pyocin typing. These findings further suggest that P. aeruginosa is a common colonizer of vegetables and plants and may persist without causing symptoms. This is consistent with the findings of Samish and Etinger-Tulczynska (67) and others (3, 48, 73) , who reported that some bacteria are normal inhabitants of plants and occur there without causing pathological conditions.
The concept that organisms such as P. aeruginosa might have the capacity to establish themselves in both plant and animal tissues has not been readily accepted because of the great difference in the structure, composition, and other intrinsic characteristics of the two forms of life (26) . Nevertheless, some early work (5) suggested that Sporotrichum schenkii, which causes a human disease, also caused a rot of carnations and rosebuds. Ciferi and Baldacci (14) further claimed that 17 of 22 human pathogenic fungi and 2 or 23 human pathogenic bacteria infected tomato fruits. Starr and Chatterjee (75) also reported that various bacterial human pathogens caused injury when inoculated into plants. These reports, however, should be viewed from the perspective that plants, as well as mice or guinea pigs, will often produce a strong localize reaction when inoculated with large dosages of a foreign organism. The symptoms elicited from such inoculations may result from the artificiality of the experimentation and should not necessarily be considered indicative of the capacity of an organism to cause disease or colonize a host.
Unusual responses to inoculations frequently occur in plants when they are grown under unfavorable or abnormal environmental conditions since resistance mechanisms to invasion by microorganisms may be impaired. Differentiation can be made between the pathogen that produces disease by its ability to invade or penetrate the defenses of the normal host and the pathogen that is "opportunistic" and only attacks when host defuses are weakened. To test the capability of human pathogens to colonize plants or cause disease, the host should be grown under favorable environmental conditions before and after inoculation, followed by careful examination of the ability of an organism to invade, colonize tissue, or elicit a disease reaction, as differentiated from a mass reaction, at the site of inoculation.
When developing control strategies for a pathogen of animals or plants, it is important to have a good understanding of the biology and ecology of the organism in its various habitats, especially7 in those that are natural and permanent. In a field related to medical microbiology, plant pathology, the study of plant pathogens in their natural habitats has provided useful information for controlling pathogens in other environments. The natural "home" of the pathogen is also where one finds the greatest expression of the variability of a species, thus providing an indication of the strains that may eventually be disseminated to other localities such as greenhouses. Commercial greenhouses have points in common with hospitals, as they are also confronted with problems of preventing the contraction of disease and dissemination of the causal agent. Thus, to maintain a disease-free greenhouse, it is important to have an understanding of the epidemiology of pathogens: how they gain ingress into the greenhouse and how they are disseminated. After ingress, there are problems of dealing with drug resistance, determining mechanisms of transmission, and initiating control practice through the administration of antibiotics and chemicals.
This report summarizes the findings of our previous work on the epidemiology of P. aeruginosa in agricultural areas (13, 35) and reviews some of the principal procedures for its isolation and identification. Our objectives were to examine the spectrum of strains occurring in nature, their distribution, their relationship to clinical strains, and the environmental conditions that favored their colonization of plants.
PROCEDURES FOR RECOVERY OF P. AERUGINOSA FROM SOIL AND PLANTS Isolation
Various techniques for isolating P. aeruginosa have been developed and evolved with successive modifications by investigators (7, 9, 10, 36, 37, 46, 50, 51, 58, 70, 72, 78) . The success and usefulness of these techniques depend, in part, on the nature of the sampling material. The selective isolation of P. aeruginosa is more difficult when the sampling material is soil, plant refuse, or plants because of the occurrence of a great variety of fluorescent pseudomonads with diverse nutritional characteristics in contrast to those found in specialized environments such as faucets or resuscitators. Accordingly, isolation techniques that are based on media with low selectivity do not enable a rapid differentiation of P. aeruginosa from other bacteria that may grow on the media. In order to increase such selectivity, various physical factors, and chemicals to which the organism is tolerant, have been used (7, 10, 37, 42, 45, 61, 70, 78) .
Our general procedure for isolating P. aeruginosa from soil and plants (35) was to place the sample in an enrichment medium consisting of acetamide and salts (70) and then to make a tenfold dilution series. After 48 hr incubation at 42 C, 0.1 ml of each suspension was placed on King's Medium B (42) supplemented with 0.03% cetrimide (KBC) (10) and followed by incubation at 42 C. Although a few pseudomonads and other bacteria may grow under these conditions, the colonies that fluoresce under UV were identified, almost without exception, as P. aeruginosa. The key factors in the selectivity of King's Medium B are the addition of KBC and incubation at 42 C. These two factors might also be useful supplements to the MacConkey agar (7), recently recommended for detection of P. aeruginosa.
Identification
When reviewing investigations on the epidemiology of bacterial species, especially those that are soil borne with many closely related species, the likelihood for error in strain and species identification increases relative to the age of the report. Thus, as previously stated, much of the early work concerning the capacity of P. aeruginosa to cause diseases of plants and insects (76) is moot because of the absence of definitive characteristics for differentiation among fluorescent pseudomonads; some early workers had particular difficulty in identifying P. aeruginosa when the strains were nonpigmented or produced fluorescein but not pyocyanin.
Various studies (1, 11, 29, 31, 32, 63, 74, 77, 80) have identified a number of useful diagnostics tests for differentiating P. aeruginosa from other pseudomonads. We found the following combination of tests particularly useful when identifying strains isolated from soil and plant materials: growth and fluorescein production at 42 C in acetamide and on KBC with or without pyocyanin production, growth on geraniol (74) , positive oxidase test (31, 32) , and monotrichous flagellation (31, 32) . Additional tests employed were slime production in 2-ketogluconate (36), denitrification (74) , and the inability to produce acids from disaccharides (32) . The first two of these tests, however, have been reported to give variable results.
In our investigations, we generally ignored nonpigmented strains growing on KBC, because the few nonpigmented strains that grew on KBC in preliminary studies proved not to be P. aeruginosa. Many of these strains, however, produced fluorescein when grown at temperatures below 42 C.
Pyocin typing
Definitive methods for the intraspecific identification of P. aeruginosa have evolved to the point where considerable confidence may be placed on the identity of strains. Pyocin typing as an accurate method for strain identification has greatly improved from the pioneer work of Jacob (40) and Holloway (39) with successive modifications and innovations (18, 19, 20, 24, 25, 27, 33, 34, 53, 55, 57, 59, 79, 82, 83) . Although both pyocin production (27, 33, 82) and pyocin sensitivity (27,61) may be used for typing, Bobo et al. (6) found the latter technique to be less stable, since strains that dissociated exhibited different sensitivity patterns.
Pyocin production appears to provide stable epidemiological markers when properly controlled, as erratic results among and within laboratories are likely to result from the absence of standardized procedures (34, 57) . For example, Govan and Gilles (34) observed that aberrant results occurred unless incubation of the strains to be typed was done with fairly strict limits on the temperature and the period of incubation. Merrikin and Terry (57) further recommended that the indicator inoculum be grown under a rigid schedule when typing strains and that indicator strains be lyophilized to prevent dissociations and mutations. Furthermore, the Darrell and Wahba method of pyocin typing (19) established such large major types that there was not sufficient specificity for adequate epidemiological tracking of the various strains. Zabransky and Day (82) used an additional set of indicator strains that enabled them to further differentiate the major types into subtypes. This modification has been used successfully in our studies (13, 35) as well as in others (43, 44) .
Combined serological pyocin typing appears to offer the most reliable, sensitive, and precise ordering of P. aeruginosa strains. Although serological and pyocin typing have resulted in the derivation of similar conclusions in epidemiological studies when used properly (6), there are times when greater definition may be necessary. Accordingly, Csisz ar and L anyi (18) reported that 543 strains of P. aeruginosa from diverse sources could be subdivided according to O and H antigens into 53 serotypes and 16 other, not fully defined, serological units using the L anyi method (47) . These serological units were subsequently subdivided into 165 combined seropyocin types with a majority of serotypes containing two or more different pyocin types.
There also was an association between O antigen groups and pyocin types.
In our studies, strain identification of P. aeruginosa was made on the basis of pyocin production for purposes of utility, although it would have been instructive to have combined it with serotyping. Typing was based on the inhibition patterns developed by Darrell and Wahba (19) as modified by Zabransky and Day (82).
OCCURRENCE OF P. AERUGINOSA IN PLANTS, SOIL, AND WATER

Ornamental plants
The frequency of recovery of P. aeruginosa from soil supports the premise that it is a natural habitat of the bacterium. Our investigations revealed that agricultural soils and potted ornamental plants frequently harbored P. aeruginosa (13, 35) . A summary of data to date is presented in Table 1 . P. aeruginosa was readily isolated from 41 of the 49 samples of potting soil, from 7 of 8 ornamental plants tested, as well as from some of the steamed potting soils that had not been used for planting. The soil generally contained 100 to 1000 colony-forming units (CFU) per gram of soil (13) . Plant parts of six ornamental plants were tested for P. aeruginosa.
Of the 199 plant parts of chrysanthemums tested, 50% harbored populations of P. aeruginosa at approximately 2 to 5 CFU per leaf. However, the incidence of infestation was related to the environmental conditions of plant culture. The percentage of plant parts with the bacterium was markedly less when they were maintained in retail houses, as the relative humidity (RH) was approximately 10 to 20% in contrast to the RH of 90 to 100% found in nursery propagation houses. The incidence of P. aeruginosa on other ornamental plants was much less than on chrysanthemums, and many were apparently free of the bacterium.
Crop plants and populations of P. aeruginosa in soil In contrast to the relatively high incidence of P. aeruginosa in ornamental plants and potted soil, much less was found in farm soils and crop plants (Tables 1 and 2 ). It was recovered from 15 to 71 farm soil samples. However, only 2 of 945 samples of edible plant parts, 1 of 575 tomato leaves, and 4 of 4 corn stalks sampled at the soil line. In contrast to the generally accepted premise that P. aeruginosa is associated with the activities of man, one of two soil samples from virgin soil (an uncultivated area never used for agricultural purposes) also yielded this organism.
Water
California farmlands are commonly irrigated with well water free of P. aeruginosa, at least at the well source (35) . Such well water taken from several outlets as well as additional sources of water such as tap water and Colorado river water, were examined for the presence of P. aeruginosa by filtering 300 to 800 ml of water through a 0.22 m Millipore filter, then culturing the filter in acetamide broth. The broth was then plated on KBC as previously described. Well water, which was free of P. aeruginosa when it was sampled at the origin, was frequently contaminated with P. aeruginosa after being drawn through hoses, fountains, and faucets (Table 3) . Seven of 23 such sources of water contained P. aeruginosa. The bacterium was also detected in ditch water that emanated from a well that was devoid of P. aeruginosa. Water outlets in agricultural areas, faucets, fountains, etc., presumably become contaminated with P. aeruginosa because they come into contact with dust, soil, and other materials that carry the bacterium.
Pyocin types
The pyocin types of P. aeruginosa that were isolated form plant, soil, and water samples are presented in Table 4 .
Assuming that plants and soil are natural reservoirs for P. aeruginosa, the high number of nontypable strains was not an unexpected finding, as isolations from these sources would provide a more representative sample of the diversity of the species in contrast to isolations from more specialized environments. Many of the isolates from the foliage of chrysanthemums, petunias, and African violets, as well as the soil of various plants, were nontypable. The exception was a tomato field where most of the isolates were typable. The typing also revealed the presence of the pyocin types B-7, D-2, F-2, and F-6, which are also frequently isolated from clinical specimens (43, 44) . Some of the isolates, furthermore, were resistant to carbenicillin (35) .
Colonization of plants by P. aeruginosa
Plants are commonly colonized with P. aeruginosa although they may represent a somewhat transitory environment for the bacterium. The population of the bacterium in plants declines rapidly when they are grown under conditions of low moisture. Plants most likely are colonized only under special environmental condition. As demonstrated in the experiments of Green et al. (35) , P. aeruginosa could multiple when inoculated into lettuce and bean plants grown at 80 to 95% RH and 27 C, but approached a steady state at that temperature when the RH was reduced to 55 to 75%. At the latter condition, there was no evidence of disease or injury to the inoculated leaves. The scarcity of P. aeruginosa in agricultural plants from semiarid areas in California, and the similarly low incidence of recovery of this organism from retail outlets, in contrast to the numbers found in propagation houses with high humidity, further demonstrates the necessity of high levels of humidity for colonization and survival of P. aeruginosa in plant tissues.
Pathogenicity of P. aeruginosa in plants
The plant pathogenicity of various strains of P. aeruginosa that had been isolated from different sources, such as clinical specimens, plants, soil, and water, was tested by inoculating vegetables with 24 hr old cultures that had been suspended in sterile distilled water to a concentration of approximately 10 8 cells/ml, as previously described (35) . The vegetables used were lettuce slices (Lactuca sativa L. "Great Lakes"), celery stalks (Apium graveolens L. var. Dulce), potato tuber slices (Solanum tuberosum L. "Whiterose"), tomato (Lycopersicon esculentum L. Mill), cucumber (Cucumis sativus L.), rutabaga (Brassica campestris L.), and carrot (Daucus carrota L. var sativa). Inoculated vegetables were incubated at 28 C at approximately 100% RH, observed daily, and symptoms recorded at approximately 72 hr after incoluation. Although preliminary studies indicated that inocula concentrations of > 10 3 cells/ml incited disease, greater dosages were used in these tests because of the uniformity of results and the rapidity with which symptoms developed.
There was considerable variation in the capacity of P. aeruginosa to incite rot of the vegetables (Table 5 and Fig. 1 ). This variability was not related to the source of the strains or the pyocin type, as the rot incited by clinical isolates was indistinguishable from that caused by agricultural isolates.
The amount of rot varied among strains from both sources with some inciting rot and others little to none. Some isolates appeared to cause localized areas of water soaking that became discolored from pigment produced by the bacterium (Fig. 2) ; these symptoms were usually not accompanied by rot. Although there were some indications of host specificity among the strains, a strain which exhibited virulence to one vegetable generally was just as virulent to others.
The results of these pathogenicity tests differed slightly from a previous study (35) , primarily because of the lower temperature used for incubation. However, this applied only to scoring the degrees of virulence and did not change the general pattern of response among strains from different sources. That strains from clinical specimens and agricultural materials both incited rot is strongly indicative of the similarity among the strains. Live plant materials represent a complex medium in which relatively few microorganisms can colonize or infect because of host-defense mechanisms. When an invasion occurs, there are also specific host responses that depend on the nature of the pathogen and the status of the host-defense mechanisms. Thus, the capability of P. aeruginosa strains from different sources to cause similar symptoms on the same host is strong evidence that the strains are either identical or closely related. P. aeruginosa is not a typical plant pathogen since it does not ordinarily cause macroscopic damage to plants, unless they are subjected to conditions of moderate to high temperature and high moisture. Furthermore, it has been reported that P. aeruginosa does not produced pectic enzymes (16, 65) normally associated with pathogens that cause rot. In our tests using pectate gels (38) , we also could not detect the presence of pectic enzymes, regardless of pH or incubation temperature. When investigating rotted Table 1 where quantitative analyses of populations were made.
b The soils were from the post of ornamental plants grown in different nurseries and farmlands of designated plants; potting soil refers to steam pasteurized soil prepared for planting. vegetables that had been inoculated with P. aeruginosa, we consistently recovered soft-rotting bacteria such as P. marginalis and Erwinia carotovora. This suggests that P. aeruginosa may well cause rot through a synergistic action with other microflora that colonize vegetables.
DISCUSSION
Our studies and others (2, 7, 22, 23, 30, 44, 45, 49, 54, 56, 60, 71) on Klebsiella, Enterobacter, and the plant pathogen P. cepacian suggest that a number of human pathogens may survive and persist in a variety of environments. This points to the importance of extending studies on the etiology of nosocomial diseases from hospital environments the agricultural areas or other locations that may serve as natural reservoirs. The role of plants, vegetables, and other agents in disseminating and transmitting P. aeruginosa and other bacteria should be clearly researched as to its importance in contributing the nosocomial diseases. Kominos et al. (44) showed that fresh vegetables commonly carried strains of P. aeruginosa and considered them to be an important agent in contributing to the dissemination of the pathogen.
Although nurseries attempt to keep greenhouses free from pathogens, the opportunity for P. aeruginosa to colonize ornamental plants has its origin in several greenhouse practices. For example, our investigations indicated that steamed and autoclaved soils used for pottings apparently were colonized by P. aeruginosa before planting, since no measures were taken to prevent contamination. In addition, P. aeruginosa was found in the water from hoses and faucets and in the combined water-fertilization solution used to irrigate plants. Lastly, cuttings brought into the propagation houses from the "mother block" that harbors the bacterium serve as a source of P. aeruginosa to contaminate other plants in the greenhouse.
Control
If necessary, controls could be devised to reduce the likelihood that plants and food materials brought into hospitals carry P. aeruginosa. Some of these controls could be applied in the growing areas. With present knowledge of the environmental conditions that favor multiplication and survival of P. aeruginosa, it should be possible for agriculturalists to reduce the chance of plants becoming infected with P. aeruginosa without having to make drastic and costly alterations of cultural procedures. Plants grown for consumption are less likely to be colonized by P. aeruginosa when grown in arid areas or in disease-free greenhouses. The conditions during processing, storage, and transit are also important in safeguarding against contamination by P. aeruginosa. The exposure of plant material to sources known to carry P. aeruginosa, such as soil or insects, coupled with conditions of high moisture during storage, create an ideal environment for invasion and colonization of plant tissues. This and other agricultural practices should be examined in relation to the role of food and plant materials as sources for P. aeruginosa and other potential pathogens of humans.
